Introduction
An important growth area for nonwovens is in the thermal personal protection sector. Low temperature protective articles should provide good thermal insulation and ideally allow the transport of water vapour through the fabric. Applications include linings in outdoor pursuit garments, low temperature workwear and Personal Protective Equipment (PPE) as well as sleeping bags. There is a considerable body of research concerned with fabric insulation and the mechanisms of heat transfer in clothing systems. It is known that the thermal insulation depends on fabric thickness and density. Nonwovens can entrap large volumes of still air, which has a low conductivity of 0.025 W/mK and the fabric structure can be engineered to minimise heat transfer by convection currents thereby increasing thermal insulation. Since the volume of entrapped air influences the thermal insulation, the traditional approach to achieving good insulation is to construct thick, low density fabrics. Consequently, thermal protective fabrics in use tend to be thick and bulky, which may compromise other aspects of garments functionality as well as wearer comfort. The cyclic compression, wetting out (e.g. in washing) and abrasion of the insulation fabric in use also tends to decrease thermal insulation since decreases in thickness are not recovered. Another approach to insulation includes air entrapment within hollow fibres such as Quallofil or Hollofil both by DuPont SA or microfibres such as Thinsulate by 3M, which relies on increased surface area to entrap air. As an alternative to thermal insulation, active heating devices based on electroconductive heating panels [1, 2] may be integrated in to garments and these can be thermoregulated. Other approaches include heat reflecting materials using thermochromic layers [3] , aluminised polyurethane layers [4] or ceramic particles incorporated inside polyester or polyamide fibres [5] which are known to reflect body heat and to absorb solar visible radiation and convert it into heat in the form of infra-red radiation. Phase change materials (PCM) in which paraffin waxes are encapsulated within small spheres have also been introduced and can be incorporated in fibres, applied as coatings or delivered as part of a foam dispersion [6] . PCMs can absorb, store and release energy in the form of latent heat over a narrowly defined temperature range as the material changes phase or state [7, 8] and the most common example of a PCM is water. This paper is concerned with the design of thin thermal protective fabrics having a high thermal resistance, which help to minimise the dependency on fabric thickness for insulation and on external energy sources.
cally less than 50nm. The unusual properties of nanostructured materials compared to macrostructured materials are the driving force behind the research interest in these materials [9] .
Aerogels
Aerogels were discovered in 1931 by Kistler who published two patents on their production [10, 11] . Since then, there have been further important developments in Aerogel technology, which have led to an increase in the speed of production and improved cost-effectiveness. Methods of decreasing Aerogel density have also been identified and certain health and safety issues have been tackled. Aerogels can be prepared from metallic oxides, but also from polymers, carbon and various other materials. The most widely used Aerogels are based on silica, specifically in the form of pure quartz glass. Microscopically, they consist of covalently bonded and crosslinked, nanometer-sized molecules (1-10nm diameter) that are arranged in a stable three-dimensional network (Figure 1 ). The diameter of the pore channels is typically 10-100nm.
The excellent thermal insulation properties of Aerogels are influenced by their nanoporous structure which provides a barrier to the collision of gas molecules. These molecular collisions give rise to the heat transfer in a still gas. Faster (hot) moving molecules collide with slower (cold) moving molecules and pass on some of their heat energy. This collision process can be prevented by a barrier so that the molecules will not collide with each other but rather will collide with the barrier from which they rebound and therefore, retain their heat energy. The average distance which a gas molecule travels before it collides with another molecule is defined as the mean free path [13] (see Figure 2) .
To prevent these collisions, the barriers need to be separated by a distance smaller than the mean free path. The mean free path of gas molecules in free space obeys the equation [15] : [1] where n g = Number density of gas molecules d g = Diameter of gas molecules
The mean free path of gas molecules in Aerogels lm can be expressed as [15] :
where S s = Specific surface area of the Aerogel defined as surface area per unit mass ρ por = Aerogel density ΙΙ = Porosity defined as the volume of the pores divided by the total volume of the matrix
As may be observed, the mean free path of gas molecules in an Aerogel is smaller than in free space because of the addition of S s ρ por/ ΙΙ to the denominator of equation 1. As a result of the retarded motion of the gas molecules in the Aerogel, the thermal conductivity of the gas in an Aerogel is about half that of the gas in free space.
Current Aerogel Applications
Numerous applications have been developed for Aerogels because of their unconventional properties and further applications are evolving as industries become more aware of this material. Table 1 lists some of the potential applications that have been identified for Aerogels.
Since lightweight insulation materials can be formed, fabrics containing Aerogels may ultimately be of interest to the 
Aerogels in Garments
NASA funded early Aerogel research for space suit insulation [18] . Aspen Aerogels Inc., USA, have developed an "Aerogel blanket" which is known as Spaceloft and is used primarily in winter apparel products such as snowboard suits. It is produced by trapping Aerogels interstitially within a fibre matrix. To accomplish this, the matrix is impregnated with an Aerogel forming precursor and supercritically dried under pressure [19] . In 2002, Aspen Aerogels Inc. patented an Aerogel composite reinforced by a low density fibrous batting in combination with one or both of short randomly oriented microfibres and conductive layers [20] . The Aerogel composite material comprises of two phases. The first is a low-density Aerogel matrix and the second is a reinforcing phase. This reinforcing phase consists primarily of fibres, preferably a combination of the batting and one or more fibrous materials of significantly different thickness, length, and/or aspect ratio. A preferred combination of a two fibrous material system is produced when a short, high aspect ratio microfibre (one fibrous material) is dispersed throughout an Aerogel matrix that penetrates a continuous lofty fibre batting (the second fibrous material). When the resulting composite is not encapsulated, then the problem of migration of the Aerogel particles, particularly crushed Aerogel through the fabric and the difficulties of initial integration and fixation in the fabric structure still exists. The cost of nanoporous Aerogels can also be prohibitive and there is a need to balance the volume of Aerogel incorporated in the fabric with the improved thermal resistance. Furthermore, Aerogels are used in garments in positions that map on to areas of the body such as the spine, kidneys and torso.
Macroencapsulation of the Gels in Hydrospace™ Fabrics
Hydrospace™, developed by the Nonwovens Research Group at the University of Leeds, enables the formation of moulded voids within the cross-section of hydroentangled fabrics and simultaneous filling of these voids. In the present work, voids were injected with loose Aerogel particles composed of amorphous silica with an average particle diameter of 2.4mm and a mean internal pore diameter of around 20nm. Other basic properties are shown in Table 2 .
The Aerogels appear as roughly spherical particles of variable dimensions (see Figure 3) .
The encapsulated gels in the fabric are illustrated in Figure  4 . The size, shape and frequency of the filled voids can be var- 
Figure 3 SEM MICROGRAPH OF AEROGELS
ied depending on the dimensions of the encapsulated materials. In the fabric studied here the void dimensions are given in Table 3 . The Hydrospace TM fabric studied was formed from a carded and crosslaid web composed of 100% viscose rayon staple fibres of 1.7 dtex and 38 mm mean fibre length.
Characterisation of the Thermal Insulation
The fabrics were evaluated in conjunction with existing thermal insulation fabrics available in the industry. A two-plate guarded togmeter was employed according to BS 4745:1990. All samples were conditioned for twenty-four hours and tests were conducted in a standard testing atmosphere. The temperature was recorded at one minute intervals until the sample reached steady state, specifically when the temperature difference between the hot and cold plate was constant for a thirty-minute interval. Samples were measured with and without encapsulated Aerogels keeping the other structural parameters of the fabric constant, including fabric thickness; the voids were relatively stable even without the filling components.
Thermographical images of the fabrics were taken using an To ensure the temperature of the mat was the same for the different temperature regimes, temperature sensors were used to continuously monitor the heating mat temperature. Table 4 gives an overview of the thermal resistance values [Tog 1 ] obtained for the nonwoven samples with and without encapsulated Aerogels from the two-plate guarded togmeter and compares the results with existing thermal insulation materials, tested on the same two-plate guarded togmeter. Fabric thickness was determined using the Shirley Thickness gauge according to BS EN 29073-2: 1992. For the Hydrospace™ fabrics the average total thickness was calculated by taking the thickness of both the voids and the adjacent regions. Because the range of thicknesses of the commercial fabrics was quite large, the thermal resistance values were normalised in terms of the corresponding fabric thickness (thermal resistance to thickness ratio) to allow comparison [22] . The thermal resistance to mass ratio was also calculated. To calculate this, the area density of the samples is obtained according to BS EN 29073-1:1992. As indicated in Table 4 , the Hydrospace™ fabrics showed good thermal efficiency in terms of the insulation to thickness ratio.
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Figure 4 CROSS-SECTION OF ENCAPSULATED PACKED AEROGEL PARTI-CLES WITHIN THE CROSS-SECTION OF A HYDROSPACE™ FABRIC
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Thermal Imaging
Examples of thermographical images obtained for Hydrospace™ fabrics containing air in the voids (left) and Aerogels (right) in the voids are given in Figure 5 . These images were taken with the samples resting on a heating mat regulated to 33°C. It is evident that the Aerogel-filled voids give rise to a lower radiated temperature as compared to the air-filled voids.
To further understand the difference in thermal insulation between a Hydrospace™ fabric with voids containing only air and containing Aerogels, Figure 6 It is apparent that the voids containing Aerogels more effectively inhibit heat loss since the measured surface temperature is lower. The voids filled with air show only slight variations in surface temperature across the fabric, whereas the voids filled with Aerogels exhibit greater variations in temperature. This is due to variations in the filling density of the Aerogels within each void. Nevertheless, an average temperature difference of 2.5°C is observed between the voids filled with Aerogels and the voids filled with air. The regions between the voids exhibit a higher temperature than the voids due to their smaller thicknesses, but the temperature range of the regions for both fabrics are similar.
Conclusions
An alternative approach to the assembly of a light-weight, nonwoven-Aerogel insulation material involves encapsulating Aerogel particles within the voids of a hydroentangled support fabric without compressing the contents. Such fabrics exhibit a high thermal resistance to thickness ratio as compared to down and existing nonwoven insulation fabrics. Encapsulation of Aerogel particles in the voids of the fabric resulted in a lower surface temperature than could be obtained by the encapsulation of air alone at a fixed fabric thickness and an average temperature difference of 2.5°C was observed. Further work is on-going to understand the mechanisms of heat transfer in filled hydroentangled fabrics of this type and to optimise the void geometry. Silica Aerogels begin to shrink slowly at 500°C and their melting point is 1200°C
[23] making them good high temperature thermal protection materials. This provides further opportunities for research. Table of Contents 
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